INTRODUCTION
============

Non-pulsatile subjective tinnitus is an auditory phantom phenomenon that is present in up to 15% of the population ([@B15]). Tinnitus generation is considered to have a central basis, typically being initiated by damage to the peripheral hearing system ([@B15]; [@B72], [@B71]). Cortical map reorganization is related to tinnitus ([@B50]; [@B33]; [@B29]; [@B32]; [@B75]). However, according to an MEG study, map reorganization cannot explain the emergence of tinnitus in a satisfactory manner ([@B71]). Another important tinnitus-related phenomenon is the emergence of pathological neural synchrony ([@B38]; [@B37]; [@B56]; [@B72], [@B73]; [@B13]). In general, pathologically increased delta activity emerges in cortical regions deprived of afferent input ([@B58]). In the context of tinnitus, pathologically enhanced neuronal synchronization was observed in the primary auditory cortex of animals following damage to the inner ear ([@B38]; [@B37]; [@B56]) as well as in tinnitus patients ([@B28]; [@B72], [@B73]; [@B13]). Apart from a significant reduction of alpha band power ([@B72]) abnormally strong synchrony was observed in tinnitus patients in the delta band ([@B72]), theta band ([@B13]), and gamma band ([@B73]), e.g., in temporal areas. Several studies confirmed that pathological neural synchronization is related to the tinnitus percept ([@B14]; [@B24]; [@B13]). However, a conscious perception of the tinnitus requires the involvement of larger networks of brain areas relevant to awareness and salience ([@B12]).

Indeed, apart from auditory cortical areas also non-auditory areas such as amygdala, cingulate cortex, and parahippocampus are involved in the tinnitus generation, in particular, in patients with tinnitus distress ([@B49]; [@B69]; [@B12]). Furthermore, an altered functional interaction between non-auditory and auditory areas with abnormal synchrony seems to be a hallmark of tinnitus distress ([@B53]).

To specifically counteract the electrophysiological correlate of tinnitus, i.e., the pathological neural synchrony, in a previous proof of concept study we have used a non-invasive desynchronizing stimulation technique, acoustic coordinated reset (CR) neuromodulation ([@B64]). CR neuromodulation has been developed computationally ([@B60], [@B63]) and is essentially based on fundamental dynamical self-organization principles ([@B62], [@B63]) as well as on the intimate relationship between neuronal dynamics and connectivity ([@B76]). As shown in theoretical and computational studies, CR neuromodulation causes a desynchronization ([@B63]) which in turn shifts neural networks with spike timing-dependent plasticity ([@B18]; [@B30]) from a synchronized state with strong synaptic connectivity to a desynchronized state with weak connectivity ([@B66]; [@B20]; [@B65]). By doing so, the network unlearns pathological connectivity and pathological synchrony. Put otherwise, it undergoes an anti-kindling ([@B66]). CR neuromodulation has initially been developed for the application to electrical deep brain stimulation (DBS) in Parkinson's disease ([@B63]). For this, brief electrical high-frequency pulse trains are sequentially delivered via different stimulation contacts of an implanted lead. In animal experiments acute desynchronizing effects ([@B35]) as well as long-lasting desynchronizing after-effects ([@B59]) of electrical CR have been verified.

As shown computationally, due to the underlying biophysics and non-linear dynamics, CR neuromodulation can be applied invasively with electrical stimuli as well as non-invasively by means of sensory, e.g., auditory stimuli ([@B48]; [@B67]). Accordingly, in a proof of concept study the initially DBS-oriented CR concept was transformed into a non-invasive, acoustic treatment for subjective tonal tinnitus ([@B64]). Relying on the tonotopic organization of the central auditory system, the electrical brief high-frequency pulse trains were replaced by CR tones with different frequencies centered around the patient's individual tinnitus frequency. The CR approach aims at a desynchronization of a synchronized focus in the tonotopically organized auditory cortex located in an area corresponding to the dominant tinnitus frequency and the belonging tinnitus spectrum ([@B36]). To this end, we sequentially delivered CR tones, where the goal of each CR tone is to cause a phase reset or at least a soft phase reset (i.e., a phase reset achieved by an iterated administration of that CR tone (see [@B61]) of the pathological slow-wave oscillation in the delta frequency band in a neuronal sub-population tonotopically related to the frequency of the particular CR tone ([@B64]).

In a prospective, randomized, single blind, placebo-controlled proof of concept trial in 63 patients with chronic tonal tinnitus ("RESET study") CR treatment turned out to be safe and well-tolerated and resulted in a highly significant decrease of tinnitus loudness and symptoms as measured by VAS and tinnitus questionnaire (TQ) scores ([@B64]). Furthermore, as shown by means of EEG recordings, after 12 weeks of treatment with acoustic CR neuromodulation pathologically elevated delta and gamma activity were both decreased in a network of brain areas comprising primary and secondary auditory cortex as well as non-auditory, e.g., prefrontal areas ([@B64]). By the same token, the tinnitus-related reduction of alpha activity was reversed and alpha activity re-increased in auditory and prefrontal areas ([@B64]). In a relevant number of patients CR neuromodulation induced a tinnitus pitch change predominantly lowering tinnitus frequencies ([@B64]). Theoretical studies have predicted long-lasting ([@B66]) and cumulative ([@B21]) desynchronizing effects of CR neuromodulation.

We here study if the tinnitus pitch change, observed in the RESET study, correlates with a reduction of tinnitus loudness and/or annoyance, and if the changes of the pattern of brain synchrony in tinnitus patients depends on whether or not the patients undergo a pronounced tinnitus pitch change. For this, we compare two groups of patients with very similar tinnitus relief, but significantly different tinnitus pitch change. According to previous studies different perceptual characteristics of tinnitus may be coded by an altered network activity of multiple parallel overlapping dynamic neural networks ([@B12]). Also, it has been shown that different auditory modalities may be coded by different mechanisms and also by spatially separate neuronal networks: sound identification and sound localization were shown to depend on specialized and spatially distinct pathways ([@B9]; [@B1]; [@B4]). [@B9] proposed that pitch and loudness are processed in separate modules of the auditory memory. Developmental trajectories of the abilities to detect auditory amplitude and frequency modulation were also shown to be distinct ([@B4]). Moreover, experiments in non-human primates indicate that an activation of primary sensory areas is not sufficient for the generation of the percept, and associative areas located in, e.g., frontal and parietal lobes are involved in sensory perception ([@B51]; [@B26], [@B27]). In summary, following current notions on parallel processing of different aspects of auditory information in general and in phantom perception in particular, we might expect differences in the change of brain synchrony in auditory, but also in non-auditory areas between our two patient groups, treated with acoustic CR neuromodulation and differing in the amount of their tinnitus pitch change.

The long-lasting and cumulative therapeutic (i.e., clinical) effects of acoustic CR neuromodulation along with its long-lasting desynchronizing effect on the pathological, tinnitus-related neuronal synchrony, both observed in our proof of concept study ([@B64]), are in accordance with these theoretical predictions. However, the CR-induced tinnitus pitch change was not predicted theoretically. In fact, the pitch change indicates CR-induced neuroplastic changes. We shall discuss possible mechanisms that may cause a CR-induced tinnitus pitch change below.

MATERIALS AND METHODS {#s1}
=====================

PARTICIPANTS
------------

The current work is based on existing data from patients who participated in a multicentric randomized, controlled clinical trial on Acoustic CR Neuromodulation in the Treatment of Chronic Tinnitus, performed in Germany between 2009 and 2010 ("RESET study^[1](#fn01){ref-type="fn"}^," Identifier: NCT00927121; [@B64]). For the present study patients were selected based on the following criteria: (i) EEG data had to be available for both baseline and the 12 weeks visit; (ii) clinical data, i.e., VAS loudness, VAS annoyance, and matched tinnitus pitch, had to be available for both base line and the 12 weeks visit. From the total population of 63 patients one patient dropped out of the study before the 12 weeks visit. For another patient there were no EEG data available, and in two patients matched tinnitus pitch could not be determined as tinnitus was absent at the 12 weeks visit. Thus 59 patients were selected for further analysis. All patients suffered from chronic subjective tonal tinnitus.

TREATMENT
---------

Patients were stimulated for 12 weeks using a portable acoustic device and comfortable earphones ([@B64]). In the RESET study patients were randomly allocated to receive acoustic CR neuromodulation (group G1--G4) or placebo stimulation (G5): G1 (*n* = 22), G2 (*n* = 12), G3 (*n* = 12), G4 (*n* = 12), and G5 (*n* = 5). G1--G3 all received stimulation for 4--6 h every day. G4 and G5 all received stimulation for 1 h max every day. Stimulation signals were generated based on a specific formula reflecting the logarithmic tonotopic organization of the auditory cortex and on the matched tinnitus (frequency *f*~t~) with an equal number of tones placed below and above the tinnitus frequency (except for placebo). Stimulation tones were perceived by patients as equally loud and just super-threshold. Four tones per cycle were played in random order with three stimulation cycles followed by two silent cycles. The four tones are based on a patient specific list of frequencies (see [@B64]): G1, G3, G4 (*f*~1~ to *f*~4~); G2 (G2, prior to each cycle four frequencies are chosen from *f*~1~ to *f*~12~, with the constraint that each cycle has to contain one frequency from each of the four groups *f*~1~ to *f*~3~, *f*~4~ to *f*~6~, *f*~7~ to *f*~9~, and *f*~10~ to *f*~12~); G5 based on a modified tinnitus frequency \[*f*~p~ = 0.7071 *f*~t~/(2^n^), *f*~p~ within 300--600 Hz\]. The stimulation tones are equidistantly placed on a logarithmic scale within the interval \[0.5·*f*~t~, 2·*f*~t~\] for G1--G4 and within \[0.5·*f*p, 2·*f*~p~\] for G5. Cycle repetition rate was 1.5 Hz for G1, G2, G4, and G5 whereas in G3 the rate was harmonized to the patient's specific EEG data ([@B63]; [@B59]; based on the highest peak in the delta frequency band). A readjustment of stimulation parameters was performed at each visit, provided the matched tinnitus frequency had changed. Visits took place after 1, 4, 8, 12, and 16 weeks. Data for this paper come from baseline and the 12 weeks visit as EEG recordings for all patients were performed at these visits. At each visit, tinnitus loudness and annoyance were assessed off-stimulation (at least 2.5 h after cessation of CR neuromodulation) and consecutively on-stimulation (15 min after turning on CR neuromodulation) using a VAS scale for loudness (VAS-L) and annoyance (VAS-A) ranging from 0 to 100. In this study we only use the off-stimulation VAS scores, because EEG recordings were performed off-stimulation. A pure tone matching procedure was used to determine the best matching tinnitus pitch (from 100 to 10,000 Hz). Patients were instructed to match the frequency of a pure tone to the perceived pitch of their tinnitus. During this procedure intensity and frequency of the matching tone were controlled by the patient. Tinnitus matching started either well below or well above the patient's tinnitus frequency. The patient had to adjust the matching tone to his/her tinnitus. Patients had to confirm a best matching pitch at least twice. The matching tone was repeatedly interrupted to facilitate the comparison between matching tone and tinnitus.

In general, the CR treatment was safe and well-tolerated and resulted in a highly significant decrease of tinnitus symptoms as measured by VAS and TQ scores ([@B64]): After 12 weeks of therapy a strong significant reduction (29.6--37.3 points) of VAS-L/VAS-A in G1 and G3 in the on-stimulation condition (*p* ≤ 0.01 compared to baseline) was observed. This significant effect persisted in the off-stimulation condition for G1/G3 VAS-L/VAS-A (18.0--28.8 points *p* \< 0.004). G2 (the noisy CR group) and G4 (stimulation time of 1 h/day) showed less pronounced reduction of tinnitus symptoms (for more details see [@B64]). In contrast, the placebo group G5 showed neither on- nor off-stimulation significant changes in VAS-L/VAS-A scores after 12 weeks. TQ scores were significantly reduced compared to baseline in G1--G4 with the strongest improvements in G1 and G3 ([@B64]). In contrast, there were no significant changes in TQ score in the placebo group G5.

DATA COLLECTION
---------------

Each patient underwent two recording sessions: on day 1 before start of treatment and after 12 weeks, minimum 2 h after stopping the last stimulation session. Subjects were instructed to retain from caffeinated beverages on the day of the recording to exclude caffeine induced changes of EEG activity. Patients were seated in upright position in a comfortable chair. EEG recordings were obtained in a dimly lit room in a Faraday cage. EEG data were collected from 128 surface electrodes using a HydroCel Geodesic Sensor Net. All electrodes were referenced to Cz. The EEG signals were amplified with the Net Amps 200 amplifier (Electrical Geodesics Inc, Eugene, USA), digitized at 1 kHz and analogous bandpass filtered from 0.1 to 400 Hz. Recordings were performed in the awake state during alternating 2 min intervals with eyes closed and eyes open. For all patients we selected the eyes closed data for further analysis, since they were less affected by artifacts. Photogrammetry was performed for all subjects using Geodesic Photogrammetry System, and the individual head shape was modeled for every subject in each EEG session. Offline the scalp EEG was re-referenced to an average reference. Signals were additionally digitally filtered with a 0.8--130 Hz digital filter. Each EEG recording was corrected for blink and eye movements in BESA using the surrogate model approach in BESA (Brain Electrical Source Analysis, MEGIS Software, 5.3 version; [@B52]). Recordings were further analyzed in MATLAB (The Mathworks, Natick, MA, USA) using EEGLAB^[2](#fn02){ref-type="fn"}^. All EEG segments that contained large muscle or other artifacts were removed. The mean length of the recordings after artifact correction was 3 min 24 s ± 23 s.

DATA ANALYSIS
-------------

Pearson correlation was performed between changes of VAS-L, VAS-A, matched tinnitus pitch (i.e., difference before and after CR treatment) and the corresponding modulus of the change of matched tinnitus pitch. We set out to investigate how spontaneous oscillatory brain activity changes in patients with pronounced tinnitus pitch change as opposed to patients with zero or minimal pitch change. Accordingly, to investigate differences in the changes of spontaneous oscillatory brain activity between patients with pronounced and with minimal/zero tinnitus pitch change, we created two groups of patients with a sustained relief of tinnitus symptoms as measured by VAS-L and VAS-A: (i) pitch change (PC) group, (ii) no tinnitus pitch change (NPC) or minimal tinnitus pitch change group. Sustained, clinically relevant relief of tinnitus symptoms, i.e., the minimal clinically important difference (MCID), was defined as ΔVAS ≤ -10 points (*n* = 34; Adamchic et al., submitted). This group of patients was divided into two equally large sub-populations based on the modulus of the individual pitch change ratio: Patients in the NPC group had a modulus of the pitch change ratio \< 0.3, whereas patients in the PC group had pitch change ratio≥ 0.3. Pitch change ratio was defined as (modified pitch at 12 weeks visit/initial pitch at baseline) -1. Thus, 50% of patients were classified to the PC group and 50% to the NPC group. According to the significant positive correlation between VAS-L or VAS-A and the modulus of the change of the matched tinnitus pitch (see Results), the PC group had a greater VAS improvement (ΔVAS-L = -29.4 ± 10.8, *n* = 17) compared to the NPC group (ΔVAS-L = -25.1 ± 18.9, *n* = 17). To exclude the influence of different magnitudes of the reduction of tinnitus symptoms between the PC and NPC group on the further analysis, we excluded the patient with the greatest VAS-L improvement from PC and the patient with the smallest VAS-L improvement from NPC, in this way creating two groups (PC, *n* = 16 and NPC, *n* = 16) with a rather similar reduction of tinnitus symptoms, but significantly different matched pitch changes (**Table [1](#T1){ref-type="table"}**).

###### 

Clinical characteristics of NPC and PC groups, mean (SD).

                                    *n*   NPC             PC
  --------------------------------- ----- --------------- ---------------
  VAS loudness                      16    -26.9 (17.5)    -271 (10.3)
  VAS annoyance                     16    -25.7 (15.2)    -26.2 (12.1)
  Tinnitus frequency change (Hz)    16    1197 (1002)     2438 (1190)
  Tinnitus frequency ratio change   16    0.151 (0.084)   0.521 (0.177)

None of the patients from the placebo group was classified to belong to PC. A current density analysis of the recorded electrical activity was performed in 3-D Talairach/MNI space using the sLORETA software package ([@B40]). sLORETA computed three-dimensional linear solutions for the EEG inverse problem with a three-shell spherical head model adapted to the Talairach human brain atlas digitized at the Brain Imaging Center of the Montreal Neurological Institute. sLORETA images represent the electrical activity of each voxel in terms of the amplitude of the computed current source density (CSD) in that voxel (μA/mm^2^). LORETA has been validated using functional magnetic resonance imaging (fMRI) and positron emission tomography (PET; [@B44]; [@B70]; [@B34]; [@B47]; [@B77]). Also, it was shown that even deep structures with subcallosal cingulate and mesial hippocampal foci could be correctly identified by LORETA ([@B47]; [@B77]). sLORETA is an advanced, further improved version of LORETA ([@B43]). The solution space used in this study was restricted to the gray matter voxels that belonged to cortical and hippocampal regions, comprising a total of 6430 voxels at a spatial resolution of 5 mm. The effects of the differential change of the matched tinnitus frequency on the spontaneous brain activity as assessed by sLORETA in the PC and the NPC group were revealed between the two groups with a voxel-by-voxel paired-groups comparison of the current density distribution applying *t*-statistical non-parametric mapping (SnPM; [@B50]). For this, a paired-groups design (A1--A2) = (B1--B2) was used, where A1 and A2 stand for the CSDs in the PC group (before vs. after CR therapy, respectively) and B1 and B2 stand for the CSDs in the NPC group (before vs. after CR therapy, respectively). In this way, we detected brain regions where oscillatory activity was specifically reduced or increased after 12 weeks of CR treatment in the PC group as opposed to the corresponding changes in the NPC group. The significance levels used were *p* \< 0.05. sLORETA source localization was performed on the basis of fixed frequency bands: delta (1--3 Hz), theta (4--7 Hz), alpha1 (8--9 Hz), alpha2 (10--12 Hz), beta1 (13--18 Hz), beta2 (19--21 Hz), beta3 (22--30 Hz), and gamma (30--45 Hz). Put otherwise, previously we have shown that CR therapy induces significant power changes in different frequency bands and specific brain areas ([@B64]). We here study, how these changes depend on whether or not the tinnitus pitch changes strongly.

To study whether the CSD changes, that showed up as significant differences between PC and NPC groups in particular Brodmann areas (BAs), were correlated with tinnitus pitch changes or VAS changes, CSDs were extracted from spherical volumes of interest (radius 5 mm) centered on the voxels with maximal significance value in each of these BAs. These CSD values were used for a partial correlation analysis with data from matched tinnitus pitch, VAS-L and VAS-A in all 59 patients. By using partial correlations we measure the relationship of two variables with the effect of a control variable being removed. In our case we correlated changes of CSD extracted from spherical volumes of interest for a certain frequency band with pitch changes, controlling for VAS and vice versa, thus obtaining correlations specifically for pitch and VAS. Additionally, we assess functional connectivity as a pattern of statistical dependencies between separate brain regions. For this, we do not make any specific assumptions concerning the directional interactions between the brain regions under study. Measures of linear dependence (coherence-type) between two multivariate time series may be expressed as the sum of the lagged linear and instantaneous linear dependences ([@B42]). However, any measure of instantaneous dependence is likely to be contaminated with a non-physiological contribution due to volume conduction ([@B42]). [@B41] introduced a technique that removes the instantaneous, non-physiological contribution resulting from volume conduction. Accordingly, this measure of dependence can be applied to a large number of brain areas simultaneously. We calculated lagged linear connectivity (lagged coherence) for the same frequency bands as used for the sLORETA analysis. Calculations of lagged linear connectivity were performed using regions of interest (ROI), constructed for each hemisphere by defining all voxels located within a radius of 5 mm around designated seed points. Seed points were placed in the BAs that showed significant differences between PC and NPC and were defined as the voxel with the highest significance in a selected BA (see Results). In other words, we constrained our connectivity analysis to those brain areas which showed differential effects of CR therapy depending on whether or not tinnitus pitch changed strongly. Connectivity data were subjected to repeated-measures ANOVA (rmANOVA) with the within-group factor Time (1, base line; 2, after 12 weeks of acoustic CR neuromodulation) and between-group factor Group with two levels: PC and NPC. Where rmANOVA showed significant effects, *post hoc t*-tests were applied.

RESULTS
=======

Baseline characteristics of the patient population are presented in **Table [2](#T2){ref-type="table"}**.

###### 

Patient's characteristics at baseline (*n* = 59).

  ------------------------------- ------------ -------------
  Sex                             Female       18 (31%)
                                  Male         41 (69%)
  Age, years (SD)                              48.8 (11.0)
  Tinnitus duration, years (SD)                6.5 (6.4)
  VAS-L (SD)                                   63.6 (20.0)
  VAS-A (SD)                                   61.5 (20.6)
  Tinnitus side                   Right        8 (13.6%)
                                  Left         19 (32.2%)
                                  Both sides   32 (54.2%)
  ------------------------------- ------------ -------------

No significant correlation was observed between changes in VAS-L or VAS-A and tinnitus pitch change ratio when all patients (*n* = 59) were included into the analysis (**Table [3](#T3){ref-type="table"}**).

###### 

Correlation (*p* value) between change inVAS-L, VAS-A, and tinnitus pitch change ratio.

          *n*   Tinnitus pitch change ratio (*p*)   Modulus of tinnitus pitch change ratio (*p*)
  ------- ----- ----------------------------------- ----------------------------------------------
  VAS-L   59    0.10 (0.43)                         -0.34 (\<0.01)
  VAS-A   59    0.19 (0.16)                         -0.32 (\<0.01)

However, in patients with decreased tinnitus pitch the pitch change ratio positively correlated with both a decrease in VAS-L (*r* = 0.37, *p* = 0.01; *n* = 46) and VAS-A (*r* = 0.48, *p* \< 0.01; *n* = 46; **Figure [1](#F1){ref-type="fig"}**).

![Changes in VAS-L **(A)** and VAS-A **(B)** as a function of a tinnitus pitch change ratio. Patients are divided into two groups: (1) tinnitus pitch decrease (blue, *n* = 46); (2) tinnitus pitch increase (green, *n* = 13 or red dashed line after removal of an outlier, *n* = 12). An outlier patient is marked by the red circle.](fnsys-06-00018-g001){#F1}

A complementary trend was observed in patients with an increase in their tinnitus pitch (**Figure [1](#F1){ref-type="fig"}**). However, possibly due to the low number of patients (*n* = 13), the correlation between the increase of the tinnitus pitch and the VAS-L and VAS-A changes did not reach significance: correlation between the increase of the tinnitus pitch change ratio and VAS changes were *r* = -0.37, *p* = 0.11 for VAS-L and *r* = -0.25, *p* = 0.42 for VAS-A. One patient (an "outlier") had a much greater tinnitus pitch change ratio, i.e., = 1.49 than all other patients. However inclusion of this patient into the analysis set did not dramatically affect the results (**Figure [1](#F1){ref-type="fig"}**). Based on these findings, the modulus of the tinnitus pitch change was used for further analysis. A reduction of the tinnitus symptoms negatively correlated with the modulus of the tinnitus pitch change (**Figure [2](#F2){ref-type="fig"}**; **Table [3](#T3){ref-type="table"}**). In general, we found a high correlation between the CR-induced changes in ΔVAS-L and ΔVAS-A, i.e., *r* = 0.92 (baseline to 12 weeks, *p* \< 0.01).

![Changes in VAS-L **(A)** and VAS-A **(B)** as a function of the modulus tinnitus pitch change ratio with all patients included (*n* = 59, solid red line) or with the outlier (marked by the red circle) excluded from the analysis (*n* = 58, dashed blue line).](fnsys-06-00018-g002){#F2}

Standardized low resolution brain electromagnetic tomography revealed regions were oscillatory activity was specifically reduced or increased after 12 weeks of treatment in the PC group as compared to the changes in the NPC group. A significantly different effect on the power of the oscillatory activity after 12 weeks of CR therapy between the two groups was observed in the gamma band in PC compared to NPC in the following areas: left parietal cortex (BA 40), right frontal cortex (BA 9, 46), left frontal cortex (BA 4, 6), and left temporal cortex (BA 22, 42; **Figure [3](#F3){ref-type="fig"}**). In these brain areas gamma band power decreased significantly more strongly in the PC group.

![**EEG source localization (sLORETA) power maps for the PC--NPC paired-groups comparison. (A)** Alpha2 (10--12 Hz) increased (color-coded red) in the right and left anterior cingulate cortex (BA 24, 32). **(B)** Gamma band power decreased (color-coded blue) with pitch change in the left parietal (BA 40), left temporal (BA 22, 42), right frontal (BA 9, 46), and left frontal (BA 4, 6) cortex.](fnsys-06-00018-g003){#F3}

In addition, we found a differential effect of the CR therapy on the power of the oscillatory activity in the alpha2 band: The power of alpha2 increased significantly more strongly in the PC as compared to the NPC group in the right anterior cingulate cortex (ACC; BA 32, 24). No significant results were found for any other frequency bands. BAs containing significant voxels are listed in **Table [4](#T4){ref-type="table"}**.

###### 

Locations (Talairach coordinates) of maximal *t*-values in each BA containing significant voxels revealed by comparing oscillatory power changes between groups (PC and NPC) by means of sLORETA.

  Side    BA   ROI center         
  ------- ---- ------------ ----- ----
  Left    4    -41          -20   51
  Left    6    -43          -8    62
  Right   9    53           14    32
  Left    22   -58          -45   16
  Right   24   6            37    11
  Left    24   -4           38    10
  Right   32   4            36    16
  Left    32   -7           37    14
  Left    40   -59          -43   20
  Left    42   -60          -33   15
  Right   46   46           27    19

The modulus of the tinnitus pitch change ratio correlated negatively (controlling for VAS-L, i.e., statistically ruling out the influence of VAS-L) with the CSD changes in the gamma band in the left temporal cortex *r* = - 0.31, *p* = 0.02 (volumes of interest center *x* -58, *y* -45, *z* 16; BA 22). Changes in the VAS-A negatively correlated with changes in CSD (controlling for the modulus of the tinnitus pitch change ratio, i.e., statistically ruling out the influence of the modulus of the tinnitus pitch change ratio) in the alpha2 band in the right frontal cortex *r* = -0.33, *p* = 0.01 (volumes of interest center *x* 6, *y* 37, *z* 11; BA 24; **Figure [4](#F4){ref-type="fig"}**). The correlation between modulus of the pitch change ratio and CSD gamma power remained significant (*r* = -0.29, *p* = 0.03, *n* = 58) also after removing the outlier from the complete (*n* = 59) dataset.

![Significant negative partial correlation between relative change of CSD gamma power and modulus of tinnitus pitch change ratio **(A)** with all patients included (*r* = -0.31, *p* = 0.02, solid red line) or with the outlier excluded (*r* = -0.29, *p* = 0.03, dashed blue line). The outlier patient is marked by the red circle. A significant negative correlation (*r* = -0.33, *p* = 0.01, *n* = 59) between relative change of anterior cingulate CSD alpha power and difference in VAS-A **(B)**.](fnsys-06-00018-g004){#F4}

No further significant correlations between clinical data and CSD were found for other regions and bands.

Repeated-measures ANOVA of functional connectivity values between BAs containing significant voxels revealed a significant interaction of Group (PC vs. NPC, *F* = 5.3, *p* = 0.03) for the right BA 32 -- BA 46 connectivity. Subsequent *post hoc t*-tests showed a significantly lower linear connectivity at the end of 12 weeks than at the baseline (*p* = 0.007). Comparison between NPC and PC at the 12 weeks visit revealed significantly lower functional connectivity in the gamma band between the right dorsolateral prefrontal cortex (DLPFC; BA 46) and the right ACC (BA 32) in the PC group (*p* = 0.008; **Figure [5](#F5){ref-type="fig"}**). Accordingly no significant differences in functional connectivity were found between PC and NPC at baseline (*p* \> 0.05).

![**Connectivity contrast analysis between PC and NPC patients.** rmANOVA analysis was applied to those brain areas which showed differential effects of CR therapy depending on whether or not tinnitus pitch changed strongly (see Figure [3](#F3){ref-type="fig"}). Decreased gamma lagged linear connectivity can be seen in PC patients between right ACC (BA 32) and DLPFC (BA 46).](fnsys-06-00018-g005){#F5}

DISCUSSION
==========

To our knowledge, this is the first study in a group of tinnitus patients that reveals an association of therapy-induced changes in tinnitus pitch to both a reduction of tinnitus symptoms and changes in oscillatory brain activity.

Notably, we observe a significant correlation between long-lasting CR therapy-induced changes of tinnitus pitch and changes of tinnitus loudness and annoyance. These findings are in agreement with a study conducted by [@B3] who showed that intravenous infusion of lidocaine in tinnitus patients leads to a short-term reduction of tinnitus loudness and annoyance paralleled by a tinnitus pitch reduction of roughly similar size. In that study, the measurement of pitch change, however, was performed with VAS and no analysis of an interdependence between changes in tinnitus loudness or annoyance and tinnitus pitch was performed. Another, substantial difference to our study is that changes of pitch as well as reduction in VAS-L and VAS-A disappeared 20 min after lidocaine injection, whereas VAS and matched tinnitus pitch measurements in our study were performed minimally 2.5 h after cessation of the acoustic CR neuromodulation.

In another study, investigating the treatment of tinnitus with chronic electrical neurostimulation of the vestibulocochlear nerve, the transformation of the tinnitus spectrum *per se* was perceived by patients as pleasant ([@B5]). The significant correlation between changes in tinnitus loudness, tinnitus annoyance and changes in tinnitus pitch, obtained in our study, demonstrates the relation of the perceived CR therapy-induced tinnitus pitch change to the change of tinnitus symptoms.

Significant group differences in oscillatory brain activity are a reduction in gamma power over the left superior temporal gyrus, the left supramarginal gyrus and the left premotor cortex and the right DLPFC and an accompanying enhancement in alpha2 power in frontal lobe in patients with tinnitus pitch change. Human functional imaging studies indicate that supramarginal gyrus (left \> right) is a part of a distributed and dynamic brain network that subserves pitch memory ([@B17]). The area with reduced gamma activity in the left temporal lobe also roughly overlaps with the planum temporale (PT), a large region, located in the superior temporal plane posterior to Heschl's gyrus ([@B74]). PT was proposed to be a computational interface segregating incoming sound patterns that are then used for comparison with the previously stored patterns ([@B19]). The association of a CSD change in this area with changes in tinnitus pitch suggests that changes in the left superior temporal region might be more associated with changes in processing of tinnitus pitch *per se*. This region might not be the locus of conscious perception of pitch change, but instead a relay-station necessary for processing and gating pitch related information to higher-order cortical areas involved in the tinnitus aversive network.

Another region with lower gamma in the PC group roughly corresponds to the DLPFC. The right DLPFC was proposed to be a part of the tinnitus network related to the affective components of tinnitus ([@B53], [@B54]; [@B69]; [@B25]). It is also a part of a fronto-parietal network proposed to perform the retrieval and comparison of incoming auditory information ([@B2]). Frontal regions were also shown to play a role in the maintenance of tonal patterns and auditory working memory, e.g., experimental evidence even suggests that the prefrontal cortex has cells related to auditory memory ([@B6]; [@B8]; [@B7]). Thus the prefrontal cortex could be one of the higher-order centers in the tinnitus aversive network that integrates sensory (e.g., tinnitus pitch) aspects of tinnitus possibly coming from PT with other modalities ([@B23]; [@B31]). An increase in alpha2 oscillatory brain activity in the PC group was found in a region corresponding to ACC. This is in line with data reported by [@B68] where the stimulation of DLPFC in tinnitus patients resulted in an increase of alpha activity in ACC. Moreover in our study CSD changes in the anterior cingulate area negatively correlated with changes in tinnitus annoyance. These results correspond to data obtained from patients suffering with pain where a correlation between changes in ACC activity and pain perception was observed ([@B10]).

Furthermore, we found a decreased connectivity in the gamma band between DLPFC and ACC regions in patients with tinnitus pitch change. The DLPFC has anatomical connections to the ACC permitting functional connectivity between these two areas ([@B39]; [@B46]). In particular, gamma band oscillations appear to be crucial for the binding of information originating from different sources into coherent percept ([@B57]; [@B55]; [@B22]). This finding is in line with previous data showing a modulation of activity in the ACC as a result of rTMS or transcranial direct current stimulation of the prefrontal cortex over the DLPFC ([@B45]; [@B68]). Remarkably decreased functional connectivity in the gamma band was also found between the right DLPFC and ACC after transcranial direct current stimulation of DLPFC ([@B68]). Premotor cortex was proposed to have hidden sensory function, however it's relation to tinnitus is not yet clear ([@B11]).

In summary, our study revealed changes in a distributed brain network which involved the left superior temporal and supramarginal gyrus, dorsolateral prefrontal region, and the ACC. CSD in the gamma band positively correlated with the modulus of the tinnitus pitch change in the region of the superior temporal gyrus (BA 22) indicating that this region may be related to processing and gating tinnitus pitch related information to higher-order cortical hubs of the tinnitus network. The ACC, in turn, could be more associated with affective tinnitus distress, being one of the higher-order centers in tinnitus network.

What mechanism may turn a greater tinnitus pitch change into a greater change of tinnitus annoyance and loudness? Different auditory modalities were proposed to be coded by different mechanisms and spatially separate brain networks ([@B9]; [@B1]; [@B4]). Thus, one can assume that different perceptual characteristics of tinnitus (e.g., pitch and loudness) could also be coded by spatially and functionally parallel and overlapping brain networks. This notion would be in line with the notion that tinnitus arises as the result of altered activity in multiple parallel overlapping dynamic brain networks ([@B13]). Thus, tinnitus characteristic pitch associated with a negative emotional context related to tinnitus, can lead to the formation of a strong, aversive memory trace of this particular sound in a separate brain network specific for pitch processing and memory. This may at the same time be paralleled by increased synchronized neural activity, indicating its more intensive involvement, in the brain network subserving perceptual modality, i.e., pitch related to negative emotions. According to the binding theory ([@B57]; [@B55]; [@B22]) different features of an object have to be combined into a coherent percept to be consciously perceived. Oscillatory neural activity in the gamma band have been proposed to be a representation of this binding process ([@B57]; [@B55]; [@B22]). From the standpoint of auditory binding, the sLORETA results obtained in our study can be interpreted to reflect a substantial, CR-induced reduction of a tinnitus-related auditory binding process. Moreover persistent tinnitus would support this aversive emotional association and hinders its decline ([@B12]). In this network superior temporal gyrus and/or PT could play the role of a tinnitus pitch processing and gating center and constitute a distinctive part of a pitch aversive network. After having been processed by this pitch hub, the information might enter a non-specific network comprising DLPFC for sensory information integration and ACC for associative and emotional processing. A change in tinnitus pitch might break the synchrony in one part of the tinnitus network of brain areas that otherwise supports aversive emotional associations and prevents from a decline of the memory of the tinnitus. In the absence of a reinforcement these aversive associations may gradually diminish and, finally, fade away. A destruction of such aversive emotional associations may, in turn, contribute to the reduction in chronic tinnitus distress.

As shown here, the amount of tinnitus pitch change determines in which way the amount of pathological (gamma) and physiological (alpha) synchrony in a network of tinnitus-related brain areas together with the interactions between different hubs within that network change. However, the question of the underlying physiological mechanism of the CR-induced tinnitus pitch change still remains open. Given the tonotopic organization of the primary auditory cortex, a CR-induced tinnitus pitch change may likely correspond to a spatial shift of the synchronized, tinnitus-related synchronous focus within the primary auditory cortex. Based on the dynamical mechanisms of action of CR neuromodulation ([@B62], [@B63]; [@B66]; [@B20]; [@B65]) asymmetries of both the stimulation and the network subjected to stimulation might cause such an effect. For instance, in an elegant modeling study on the emergence of the Zwicker tone ([@B78]; [@B16]), an auditory after-effect, the impact of a spatial gradient of the lateral inhibition in the auditory cortex on the neuronal dynamics in the central auditory cortex has been explored. It was shown that a gradient of the lateral inhibition has significant impact on the neuronal dynamics and, in particular, that a noise reduction mechanism together with a dominantly unilateral inhibition is able to explain the emergence of the Zwicker tone. A gradient of the lateral inhibition combined with a spatially equidistant delivery of acoustic stimuli might explain a spatial shift of a synchronous focus in the primary auditory cortex. By the same token, in case of a spatially well-balanced lateral inhibition asymmetries of the arrangement of the CR tones (with respect to the patient's individual tonotopic organization of the primary auditory cortex) might also cause a spatial shift of the synchronous focus in the primary auditory cortex. This issue will be in the focus of forthcoming theoretical and experimental studies.

Our results support the idea that tinnitus might be a consequence of altered activity in multiple parallel and overlapping dynamic networks. In this network elementary sensory dimensions may be represented by segregated mechanisms and networks that probably involve cortical areas encoding sensory features of the stimulus as well as prefrontal and cingulate regions necessary for perception.

Additional studies are required to further deepen our understanding of the involvement of pitch processing networks in the pathophysiology of tinnitus. Such studies will further elaborate which brain areas are critically involved in pitch processing in auditory phantom perception and how these areas interact with or depend on areas required for the percept to reach consciousness.
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